A new auxiliary circuit for boost, buck, buck-boost, Cuk, SEPIC, and zeta converters is introduced to provide soft switching for pulse-width modulation converters. In the aforementioned family of DC-DC converters, the main and auxiliary switches turn on under zero current transition (ZCT) and turn off with zero voltage and current transition (ZVZCT). All diodes commutate under soft switching conditions. On the basis of the proposed converter family, the boost topology is analyzed, and its operating modes are presented. The validity of the theoretical analysis is justified by the experimental results of a 100W, 100 kHz prototype. The conducted electromagnetic emissions of the proposed boost converter are measured and found to be lower than those of another ZCT boost converter.
I. INTRODUCTION
DC-DC pulse-width modulation (PWM) power converters are widely used in electrical and electronic systems, including renewable energy systems. Switching frequency is often increased to reduce the size and weight of power converters while increasing the power density. However, higher switching frequency leads to more switching losses and electromagnetic emissions. Soft switching techniques are indispensable to overcoming these issues [1] - [7] .
Zero-current-transition (ZCT) methods are desirable approach in high power applications [8] - [14] , particularly when IGBTs are used as the main switch. As the current becomes zero before the turning off of the switch, the IGBT current tailing losses are alleviated [15] . The ZCT converter proposed in [8] exerts no additional current stress on switches, but the turn-on of the main and auxiliary switches is hard switching, which decreases the efficiency. In [9] , ZCS condition is provided for the switches by means of a high frequency resonant network; however, the capacitive losses of the MOSFET output capacitor at turn-on led to additional losses. An improved ZCT converter was introduced in [10] with reduced conduction losses, but the voltage stress of main diode is twice the output voltage. A comparative study on ZCT converters was presented in [11] , and an improved ZCT boost converter was introduced; this converter transfers circulating energy to the output via a transformer, thereby increasing efficiency. However, this improved converter comprises more components than other ZCT converters. In [16] , three coupled inductors were employed in a ZCS power factor correction boost converter to limit the reverse-recovery current of the output diode. However, five extra diodes are used in the snubber circuit, which increase the cost and the weight.
In [4] , coupled inductors were employed to achieve a high voltage gain; however, the main and auxiliary switches operate under hard switching conditions, leading to higher switching losses and lower efficiency. A step-up converter proposed in [17] utilizes a snubber circuit comprising coupled inductors; this structure results in a ripple-free output current, but both switches are turned off under hard switching conditions.
In addition to efficiency, soft-switching conditions, and switch stresses, the electromagnetic interference (EMI) caused by power converters should be considered [18] - [21] . Several ZCT converters, such as those proposed in [12] and [13] , exhibit high di/dt due to the reverse recovery of the main diode, which could generate more conducted electromagnetic emissions.
In the present work, a new family of ZCT PWM converters that use coupled inductors is introduced. In the proposed converters, the main and auxiliary switches turn on with ZCT and turn off with both ZCT and ZVT. Moreover, all diodes operate with soft switching condition, and the voltage stress of the main diode is less than twice the output voltage.
Providing ZCS condition at turn-off instant for both switches alleviates the tailing current loss of the IGBT. Furthermore, the lower conduction loss and cost of the IGBT with respect to MOSFET at high voltages makes the proposed auxiliary circuit suitable for high power applications. As the proposed converters have both ZCS and ZVS features, switching losses are almost zero, and they can operate at a higher switching frequency in comparison with their hard switching counterparts.
Utilizing coupled inductors in the proposed converters offers some advantages, such as providing ZVS condition for the main switch and diodes and lowering the current stresses of the switches. In the proposed family, the circulating energy of the auxiliary circuit is transferred to the output by the coupled inductors, thereby increasing overall efficiency. Note that the leakage inductance of the coupled inductors is absorbed by the resonant network and provides ZCS condition for the main switch at the turn-off instant.
The proposed ZCT converters have almost continuous and non-pulsating current waveforms. Moreover, the ZCT condition at turn-on and ZCT-ZVT at turn-off instant result in lower di/dt and dv/dt. Accordingly, the proposed family could potentially improve electromagnetic compatibility (EMC) [20] . Therefore, in addition to the efficiency and soft-switching issues, conducted EMI is evaluated in this work.
This paper is organized as follows. From the proposed converter family, the analysis of the boost topology and its theoretical waveforms are presented in Section II. The design procedure of the proposed converter is described in Section III. The experimental results of the converter prototype that confirm the theoretical analysis are presented in Section IV. The conducted electromagnetic emissions of the proposed converter are measured and compared with those of a similar ZCT boost converter in Section V. The topology variation of the proposed converter is detailed in Section VI, and the concluding remarks are given in Section VII.
II. CIRCUIT DESCRIPTION AND OPERATION
The circuit configuration of the proposed ZCT boost converter is shown in Fig. 1 
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At the end of this interval, I S1 reaches I 1 , and C r discharges to −V O /n. 
At the end of this interval, I S1 decreases to I in , C r discharges to V C1 , and I Sa becomes zero. Fig. 3 . Key waveforms of the proposed converter.
The resonance between L lk and C r continues through S 1 and the body diode of S a . Hence, S a can be turned off under ZCS. In this interval, S 1 and D 2 currents and C r voltage can be calculated with (6), (7), and (8), respectively. At the end of this interval, I S1 becomes zero.
Interval 6: [t 5 -t 6 ] ( Fig. 2f) : At t 5 , S 1 current becomes zero and can be turned off under ZCT. As a result of the existence of C r and based on (14) , S 1 voltage rises linearly, which is considered as ZVT. Consequently, S 1 turning off is ZVZCT. The descriptive equations are written as follows:
At the end of this interval, C r voltage reaches V O . The duration of this mode and the maximum voltage stress of S 1 are 6 6 5 ( 
III. DESIGN PROCEDURE

A. Design of Component Values
The input inductor and output capacitor of the converter can be designed as regular PWM converters. L 1 is a snubber inductor that provides ZCS condition for the main switch at turn-on instant. So it can be designed according to [22] . 1 1 ,m i n
where V sw is the switch voltage before turn-on instant, I sw is the switch current after turn-on, and t r is the switch current rise time. C r provides ZCS condition for main switch at turn-off instant. According to (6) , the following equation should be satisfied:
According to (15) , increasing C r also increases the duration of the sixth interval, the transition time of the main switch at turn-off instant, and, consequently, the conduction losses.
To determine n, the maximum allowable duty cycle should be considered. In this converter, the maximum duty cycle is limited by the discharge time of L 2 in the sixth and seventh intervals. Thus, by using (12), the maximum allowable duty cycle can be calculated as follows:
According to (20) , a large n results in a decreasing maximum allowable duty cycle and more voltage stress across D 2 . However, (16) indicates that larger n leads to lower voltage stress across the main switches. On the basis of (20) and the aforementioned issues, the proper turn ratio (n) can be selected.
B. Power and Frequency Ranges
The proposed converter can be used in various power ranges, as well as other regular ZCT PWM converters and their hard-switching counterparts. In high voltage applications, the voltage stress of D 2 , which is equal to (n+1) V O , is increased considerably. However, this limitation is overcome by decreasing n or using series diodes rather than a costly high voltage diode.
In soft-switching PWM converters, the resonant periods must be negligible in comparison with the switching period. The maximum switching frequency can be selected ten times smaller than f 1 , but in practice, the switch speed restricts the switching frequency. As a result of the soft-switching condition provided for all semiconductor devices, switching losses become almost zero. Consequently, if the selected resonant frequency is sufficiently high, maximum switching frequency is limited by the operation frequency of the switches, which can be reach a few hundred kHz.
C. Auxiliary Switch Timing
The timing relations between the gate pulse of the main switch and the auxiliary switch are presented in this section. Fig. 4 shows the current and gate pulse waveforms of switches in turn-off instant. According to Fig. 4 , before S 1 is turned off, the auxiliary switch is turned on, leading to a resonance between L 1 , L lk , and C r ; this resonance provides ZCS condition for the main switch at turn-off instant. The gate pulse of S 1 should be removed when its current becomes zero. The duration in which the auxiliary switch conducts is shown as α in Fig. 4 . According to Figs. 3 and 4 and using (2) and (6), α can be calculated as
β is the time length for decreasing the S 1 current from I in to zero, as shown in Fig. 4 . Using (6), β is computed as follows:
During λ, C r is charged linearly by I in until its voltage reaches V O. The duration of λ is 6 t  according to (15) .
To determine the duty cycle of S a , the maximum and minimum allowable t on of V GS2 should be considered. According to Fig. 4 , by elapsing α, S a current reaches zero, then its body diode begins conducting. Therefore, the minimum t on is α. Fig. 4 . Waveforms of the current and gate pulse of switches at turn OFF instant.
The body diode of S a continues to conduct during β and λ; hence, the gate pulse of S a should be removed during this time. The shaded area in Fig. 4 shows the appropriate time for removing the gate pulse of S a . Accordingly, on-time of S a can be calculated as
According to Fig. 4 , when α + β elapses, the current of S 1 becomes zero and it is the proper time for turning off S 1 .
IV. EXPERIMENTAL RESULTS
A prototype of the proposed ZCT boost converter is implemented with 50 V input and 100 V output. Table I shows the key parameters of the experimental prototype. A photograph of the implemented prototype is shown in Fig. 5 . The experimental waveforms of the main switch, auxiliary switch, and diodes D 2 and D O shown in Fig. 6-8 confirm the theoretical analysis. Fig. 6 shows that the main switch turns on under ZCS and turns off under simultaneous ZCS and ZVS. To clarify the ZCS condition at turn-on, Fig. 6(b) shows the waveforms of the main switch at turn-on instant.
In the ZCT converters of [23] and [24] , the coupled inductors provide soft switching, but the main switch only turns off under ZVS. Consequently, the current of the leakage inductor creates voltage and current spikes at the turn-off instant. In the proposed converter, the main switch turns off under ZCS and ZVS; thus, the current of the leakage inductor discharges completely before turn-off, and perfect ZCZVS is achieved. Fig. 7(a) illustrates the voltage and current waveforms of the auxiliary switch. Fig. 7(b) indicates that the auxiliary switch turns on under ZCS and turns off under ZCZVS. Fig.  8(a) shows that D 2 turns on with ZVS and ZCS and turns off with ZCS. The voltage stress of D 2 can be lowered by decreasing n, but doing so increases the switch voltage stress. Fig. 8(b) shows the voltage and current waveforms of the main diode D O . There is no current stress on D O , and its voltage stress is less than that of the main diodes in [10] , [15] and is less than 2 V O .
The efficiency curve of the proposed converter and that of ZCT boost converter of [25] are compared using the PSpice software (Fig. 9) . The efficiency of the proposed converter is Fig. 5 . Photograph of the implemented prototype.
2.5% greater than that of the ZCT boost of [25] and reaches 97% under full load. The proposed converter achieves a higher efficiency because of the better switching conditions and transfer of circulating energy to the output. The proposed converter and three other ZCT PWM boost converters are compared in Table II . There are fewer extra elements in [8] , but its main and auxiliary switches turn on under hard switching, thus decreasing efficiency as power and frequency increase. In [11] , circulating energy was reduced and efficiency was improved, but the number of components used was relatively large.
The proposed converter provided better switching conditions than that in [25] for switches and diodes. The current stress of switches and circulating energy decrease considerably because of the coupling effect, which leads to lower losses and higher efficiency. However, the number of the components for the proposed converter is equal to those in [25] ; hence, all advantages are achieved without increasing weight or cost. Table III presents the semiconductor losses of the proposed converter with the key parameters mentioned in Table I according to the formula of each component loss [22] . The losses are estimated using component datasheets, whereas the average and RMS values are obtained from the simulation results. (a) (b) Total loss 3.14 W
V. CONDUCTED EMI MEASUREMENT
This section presents the experimental results of the conducted EMI measurement for the proposed converters and ZCT boost [25] . A line impedance stabilization network (LISN) according to CISPR22 standard is used to measure conducted electromagnetic emissions [26] . The conducted EMI spectrums are measured using a GW-INSTEK spectrum analyzer (peak detection mode) (as shown in Fig. 10 and Fig.  11 for 150 kHz-30 MHz.
Figs. 10 and 11 show that the main EMI peaks of the proposed and ZCT converters [25] are approximately 82 dBµV at 7 MHz and 90 dBµV at 9.7 MHz, respectively. Consequently, the main EMI peak of the proposed converter is 8 dBµV lower than the main EMI peak of [25] because of the soft switching conditions provided for all semiconductor devices. The conducted electromagnetic emissions of the proposed and ZCT boost converters [25] are compared in proposed ZCT-ZVT method on EMI reduction is significant at frequencies up to 21 MHz. Although the proposed and mentioned converters provide ZCS that leads to lower di/dt, the proposed converter provides ZVS, which also reduces dv/dt. Thus, the proposed boost converter achieves better performance in terms of EMC because of the lower main EMI peak.
VI. OTHER ZCT PWM CONVERTERS
The proposed ZCT method can be applied to other basic PWM converters, such as buck, buck-boost, Cuk, SEPIC, and zeta converters (Fig. 13) . In these topologies, the operation intervals are similar to those of the boost converter in Section II.
VII. CONCLUSION
A new family of ZCT PWM converters is introduced. All semiconductor devices in the proposed converters operate under soft-switching conditions. On the basis of this family, the boost topology is selected. The analysis of the interval modes shows that the main switch turns on with ZCS and turns off with ZCT and ZVT. Moreover, the auxiliary switch turns on under ZCT and turns off under ZVZCT. The additional benefits of the proposed converters included low circulating energy and current stress. A ZCT boost converter from the proposed family is designed and implemented with the proposed design procedure. The experimental results of the prototype confirm the theoretical analysis. That is, the proposed converter achieves a higher efficiency and lower conducted emissions in comparison with another ZCT boost converter.
